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Abstract
The ability to control and manipulate the motion of particles or bio-cells from a
complex mixture has been the center of attention since the beginning of microfluidics. The
microfluidics community has always strived to develop miniaturized ‘lab on chip’ devices
to achieve fastest and most accurate size based separation of cells from given bio-sample.
While in last few years, people have come up with different solutions like electrophoresis,
magnetophoresis, etc.; but most of them rely on low Reynolds number operation and hence
increase the overall processing time of the sample. The recent development in the field of
inertial microfluidics can be the answer to this problem.
The present thesis is based on the experimental study of the dynamics of the particle
focusing behavior in spiral microchannels in inertial flow regime. The effect of some of
the critical geometrical parameters like width of the channel cross-section (Dh ), particle
confinement ratio (λ) and some of the flow parameters like channel Reynolds number (Rec )
and Dean number (De) on the focusing behavior of particles in spiral channels is studied.
Based on the new understanding, a design rule for is put forward to achieve separation of
particles in spiral microchannels in a single pass. Lastly, an experimental study is performed
to understand the effect of aspect ratio of the cross-section on the focusing of particles in
spiral microchannels.
This new understanding of high throughput inertial focusing of particles in spiral
microchannels is another step forward towards the development of ‘lab on chip’ devices
to achieve separation in one pass and towards the development of a theory explaining the
focusing of particles in inertial flow regime.
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Chapter 1

Introduction
1.1

Motivation
A given sample of bio-fluid contains plethora of cells. The classification of different

types of cells based on some distinguishable characteristic is important from detection of
disease and therapeutic perspective. Measuring the ratio of different cells in given sample
of blood or complete blood count (CBC) is very common in some of the most utilized
medical tests. In another highly utilized test, pathologist looks for the cells of interest in
a concentrated sample of fluid smeared or spun on a glass slide. With the simple early
microscopes, differentiation between cells was done by size and shape.
The cells implicated in various rare diseases like cancer or infections are present
in very small number. Thus it is important to isolate these cells to study their role and
determine the therapeutic action. Some of the main complicating factors for isolation of
rare cells are, composition of bio-fluid varies a lot and they have seemingly infinite number
of background cells. Some of the bio-samples are very dilute eg. urine sample. With the
requirement of several of rare cells to be collected for further analysis, the volume of the fluid
to be processed increases. Thus it is very important to develop effective and efficient way to
isolate these rare cells from given bio-sample. This will improve not only our understanding
of human body but also the development of various diseases and can help to develop best
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medicines or therapies to counter the rare diseases.
Cell
Type
Dendritic Cells
Hematopoietic Stem Cells
Fybrocytes
Circulating Tumor Cells
Antigen Specific T Cells
Fetal Cells

Purpose
of Cell
Immune Response
Stem Cell Therapy
Wound Healing
Early Detection, Cancer Biology
Vaccine Development
Genetic Testing

Ratio to
Background Cells
1:500,000
1:2,500,000
1:40,000,000
1:350,000,000
1:750,000,000
1:1,250,000,000

Table 1.1: Clinically relevant cells in blood and their ratio with background cells.
Blood is perhaps most intriguing fluid due to large variety of cells which can be
found in circulation and several of them are presented in Table 1.1 [35]. Early detection of
these rare cells is incredibly important as the presence of these in the blood implicates some
of the rare diseases. The rarity of target cells relative to background population makes the
isolation very difficult and hence the sample has to be diluted to make it feasible. On the
other hand, some of the bio-samples like urine are very dilute that detection of the sparse
rare cells is very challenging. In any case, whether cells are rare or sparse, their isolation
is challenging due to non-specific contaminating cells and/or the large volume of fluid as
depicted in Figure 1.1 [35]. Samples are normally split into dozens of small samples and
then centrifuged, aspirated, mixed and centrifuged again. The repetitive process is time
consuming which increases user errors and may lead to false results. Thus developing an
effective, efficient and more importantly, accurate process for detection of such rare cells is
a challenge.

1.2

Classification of Microfluidic Methods
The field of bio-medicine, especially new methods of analysis have significantly ad-

vanced with the advent of microfluidcs [49]. Continuous manipulation and separation of
bio-cells is important for wide variety of applications in industry, medicine and biology field
[46, 50]. There are myriad of methods available which are further classified as “Active” and
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Figure 1.1: Comparative sample sizes and challenges posed by sample size
“Passive” methods [43]. Externally applied forces are used for particle manipulation in case
of Active methods, while Passive methods rely on flow characteristics.
Hydrophoresis [5], deterministic lateral displacement (DLD) [21], gravitational methods [22] are some of the examples of Passive methods. The interaction between fluid and
particle is used as means of manipulation in these methods. Dielectrophoresis [28, 57, 24, 27],
magnatophoresis [39, 53], acoustophoresis [40] are few examples of Active methods. These
methods are considered as Fluid Flow Fractionation (FFF) techniques in which particles
are moving at uniform velocity and an external applied field is utilized to manipulate the
particles in the flow.
Several reviews [43, 47] are available on comparison of these methods. In general,
these methods rely on low Reynolds nature of fluid flow for successful particle manipulations.
Though these methods have been proved useful and accurate for variety of applications,
low throughput of these methods have prevented them from widespread use in common
applications. Efficient handling of large real world size samples has been a major challenge
since the beginning of the microfluids [49]. The recent development in the field of inertial
microfluids has come up as a possible solution to this impediment [12]. Particles of finite
3

size suspended in the fluid migrate across streamlines to predictable positions in the regime
of inertial fluid dynamics. The reliance on inertia of fluid, rather than desire to limit its
effect, which is common in all previous methods, can possibly solve the problem of low
throughput.

1.3

Origin of Inertial Microfluidics
In 1961, Serge and Silberge [45] showed the lateral migration of partilces in confined

flows due to inertial effects. It was observed that the small finite particles suspended in
cylindrical pipe migrated to the annulus of 0.6 times radius of the pipe. Stokes flow analysis
(zero Re flow or no inertia flow) shows that a single particle can not cross streamlines due to
symmetric nature of the flow around the particle [3]. While Serge and Silberge [45] showed
that the lateral migration velocity of the particle depends non-linearly on axial flow velocity
at small but finite Reynolds number which proved that the migration was due to inertia of
the fluid. Numerous theories have been put forward to explain the migration of particles
in inertial flows, but complete understanding is still lacking [42, 17, 18, 10, 25, 44, 38, 4, 1]
. A brief summery of development of inertial partilce flows is given by Matas, Morris and
Guazzelli [37].
In 1965, Saffman [42] developed a theoretical force dependent on difference in fluid
velocities on either side of the particle in linear shear flow. The force is also dependent on
the relative velocity of the particle. Though some experimental observations were justified
by this theory, still it could not explain the equilibrium position observed by Serge and
Silberge. Later the analysis of Ho and Leal [30], and Cox and Vasseur [48] found the shear
gradient lift force towards the channel wall. Thus shear gradient lift force, wall induced
repulsive force and saffman lift force the three main effects which determine the equilibrium
position of the particle. Out of the three, shear gradient lift force is the most dominant one
[30].
Most of the previous studies have used perturbation method [42, 17, 18, 10, 1], each
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of which has its own limitations based on the expansion parameter or the solution procedure
used. The restriction were usually on the size of the particle, distance of the particle from
the wall or flow Reynolds number. Although, early analyses are not completely accurate,
they have helped to understand the different mechanisms of motion and have provided some
intuitive understanding of forces involved in particle manipulation in inertial flows.

1.4

Inertial Focusing in Microchannels
Micro-fluidic community has always tried to avoid inertial flow regime. Most of the

initial work in the field of focusing and separation is dominated by flow in low Re ∼ 1
regime [12]. The sheath flow nature at low Re, in which fluid moves as a lamina, is utilized
to perform size based separation using some external aid, i.e., electric, magnetic field, etc,
[57].

1.4.1

Hydrodynamic Focusing in Straight Microchannels
In 2007, Di Carlo et al [15] observed inertial focusing in straight microchannels for

the first time. They studied the focusing behavior of 2–17µm particles in 10–87µm straight
channel widths (Dh ) at 0.075–225 Rec . Rec is channel Reynolds number given by ρvDh /µ
where ρ is density of the fluid, v is average flow velocity, Dh is hydraulic diameter, µ is
kinematic viscosity of the fluid. Four equilibrium positions were observed in straight channel
with square cross-section, which were reduced to two in channels with rectangular crosssection. The particle Reynolds number (Rep =Rec (a/Dh )2 ) has to be equal to or greater
than 1 so that the inertia of fluid be significant to observe such a phenomenon.
Based on their previous observations, Di Carlo et al. [13] tried to explain the particle
focusing behavior in straight micro-channels. In their numerical study, it was discovered
that the shear gradient force and wall effect forces scaled differently. The dependence of nondimension lift force on channel Reynolds number (Rec ) was studied and was found that the
lift coefficient decreases with Rec though the inertial lift force increases with it. Recently,
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Papautsky et al. [56] reported a study on fundamentals of inertial focusing in microchannels.
The study deals with the fundamental understanding of lift force acting on the particles
in microchannels and its overall role in the focusing mechanism. The experimental study
was performed to measure the lift coefficient in the straight microchannels. The authors
hypothesize that the particle focusing is a two step process involving movement of particles
towards channel walls because of shear induced lift and then movement towards the center
of larger channel wall under the effect of saffman lift force. The effect of particle size and
channel Reynolds number on the lift coefficient is also provided in this study.
Though inertial focusing was observed in the straight micro-channel, multiple equilibrium positions and weak lateral forces for larger channel dimensions restricted the application of these channels. Di Carlo et al. [15] proposed the use of curved microchannels to
reduce the number of equilibrium positions to one or two (vertically overlapping). It was
the first application of inertial microfluidics to focusing and separation of bio-cells and thus
jumpstarted a new field in micro-fluidics.

1.4.2

Hydrodynamic Focusing in Curved Microchannels
In finite Reynolds number flow regime with inertia, addition of curvature to the

channel, induces secondary flow in the cross-section of the channel. In 1928, Dean [11]
showed that the secondary flow (Figure 1.2) is generated due to the inherent velocity difference generated by the curvature of the channel. The strength of the secondary flow is
p

characterized by Dean number. It is given by De = Rec (Dh /2r), where r is the radius
of the curvature. Dean number depends on the cross-section of the channel (Dh ), channel
Reynolds number (Rec ) and curvature of the channel (δ) and hence these three parameters
play a critical role in the design of a curved channel.
Many different means have been used to generate secondary flow in micro-channel
[8, 6], but serpentine and spiral microchannels have more frequently used for focusing and
separation of bio-cells in inertial flow regime. In 2007, Di Carlo et al. [15] studied focusing
and separation in asymmetric serpentine microchannels. Multiple devices with single turn as
6

Figure 1.2: Secondary flow in curved channels
well as multiple turns were used in this experimental study. The curvature ratio, aspect ratio
and particle size were varied to understand their effect on the particle focusing behavior.
Based on these observations a dimensionless number Rf =

FL
FD

=

2ra2
3 f (Rec , x/e, y/w, h/w)
Dh

was defined. This number determines overall balance of lift force and drag force. It depends
on curvature of the channel (δ), (a/Dh ) ratio and channel Reynolds number (Rec ). If
Rf << 1 then dean drag dominates and particles are entirely entrained in the dean flow.
On the other hand, for Rf >> 1 lift force dominates over dean drag and particles are
unaffected the dean flow. For the case Rf ∼ 1, particles are focused at an equilibrium
position to balance the two forces. From experimental results, focusing was observed for
a/Dh > 0.07. A map of Rf V sRec is provided in this paper which can be used as design
guide to determine the focusing behavior in curved channels. It was also reported that the
density of the particles did play any role on focusing behavior of the particles.
Yoon et al. [52] used simple U shaped curved channels with rectangular cross-section
to separate 20 and 40µm particles. A numerical investigation was carried out to understand
the focusing behavior of particles in curved micro-channels.
Bhagat et al. [2] pioneered another way of achieving focusing in inertial flow regime
by using spiral microchannels. A 5 loop Arcemedian spiral channel with rectangular cross7

section was used to achieve focusing and separation in microchannels. Similar to Di Carlo’s
study [15], it was observed that the a/Dh parameter played a critical role in focusing
mechanism. Based on the experimental observations, it was hypothesized that for a/Dh >
0.07 inertial lift dominates over the dean drag force and hence a narrow focused band is
formed near the inner wall of the channel; while for a/Dh < 0.07, dean drag forces the
particles to move towards the outer half of the channel. Hence depending on the size of the
particles to be separated, the channel dimensions were tailored such that the two particle
sizes lie above and below the critical value of a/Dh . A clear separation of 1.9µm and 7.32µm
particles using spiral of 100 × 500µm cross-section was reported in this study. Here 7.32µm
particles were focused close to the inner wall while 1.9µm particles were distributed in outer
half of the channel.
Extending their own work, Bhagat et al. [29] reported separation of mixture of
three particle sizes using spiral microchannel. The width of the channel was fixed to 500um
and height of the channel was altered to achieve non-overlapping equilibrium positions for
three particle sizes. They observed the variation in focusing position with Dean number
for all particle sizes and based on the observations, suitable channel dimensions and Dean
number was chosen to achieve the separation. Although clear separation of 10, 15 and
20µm particles were reported in this study, no generic design parameter or scale invariant
parameter was reported. Similar to previous studies, relative dominance of inertial lift and
dean drag force was hypothesized as possible explanation for this focusing behavior in spiral
channels.
The defocusing of particle band at larger Dean number was observed in the previous
studies, which obstructed the possible high throughput at higher Reynolds number flow
in spiral micro-channel. To overcome this challenge, Toner et al. [41] proposed a novel
spiral micro-channel design with varying width for each turn of the spiral. An eight loop
spiral having small aspect ratio (h/W ) and with varying width for each turn was designed
to separate mixture of 7&10µm particles and 2&10µm particles. A clear separation was
observed in both cases where larger particles were focused close to the inner wall while
8

smaller particles moved away towards the outer half of the channel. The focusing was
observed for a/Dh > 0.1 and Rep > 1, which were different than previously reported values.
The aspect ratio of the channel clearly played a critical role in Toner et al’s [41] study
and observed focusing at different set of values for critical design parameters (a/Dh and
Rep ) than previously reported values. Thus to understand the effect of aspect ratio on the
focusing behavior in spiral channels, Toner et al. [33] performed systematic study on spiral
microchannels by varying aspect ratio of the channel. The aspect ratio (h/w) was varied
from 1 : 1 to 1 : 8 in 5 steps, where height of the channels was fixed to 50um. The focusing
behavior of 10µm particles was observed in all channels at different Dean numbers. It was
observed that the particles always tend to focus close to inner wall in all channels. The stable
range of inertial focusing is narrower for wider devices and focused streak breaks down at
higher flow velocities. The focusing behavior was studied at increasing and decreasing Dean
number by reversing the inlet and outlet of the same device. No difference was observed
in the focusing position for increasing and decreasing Dean number; although the stable
range of inertial focusing was narrower for increasing Dean number case. The variation
of Rf (ratio of inertial lift to dean drag force) with mean flow velocity for channels with
different aspect ratios is provided for possible explanation of focusing mechanism in spiral
micro-channels. Rf > 1 indicates relative dominance of inertial lift over dean drag force,
which should give a narrow focused band of particles as per the previous study of Di Carlo
et al. [15] and Bhagat et al. [2]. But the current study reported that the minimum streak
width did not occur at highest value of Rf at which inertial lift is maximum. Also Rf value
for minimum streak width widely varied for channels with different aspect ratios, indicating
that the balance between forces in each device to achieve optimized focusing is different.
Following their own study, Toner et al. [34] performed another systematic study
to understand decoupled effect of Reynolds number and Dean number on inertial focusing
in spiral micro-channels. The cross-section of the channels was fixed to 50 × 100µm, while
the curvature of the channel was varied from 0 to 0.0166 in 5 steps. Particles of 4.4, 9.9
and 15µm were selected for the study giving three values of confinement ratio (λ = a/Dh ).
9

√
The study provides a new dimensionless parameter λ/ δ based on confinement ratio and
curvature of the channel. The study reports two regimes of focusing: close to inner wall and
√
towards outer wall away from the center-line of the channel. For λ/ δ > 2, particles tend
√
to focus close to inner wall; while for λ/ δ < 2, they tend to move away from the centerline towards outer wall. The equilibrium position in vertical plane and its variation with
Reynolds number is reported in this study. It was observed that the equilibrium position
shifts in vertical plane and which can be a possible explanation for variation in equilibrium
position in horizontal plane. Authors hypothesize that if the particle gets into the region
between center of Dean vortex and center-line of the cross-section then particle is carried
away towards outer wall due to dean drag. On the other hand, if the particle is above the
center of the Dean vortex then the dean drag pushes it towards the inner wall of the channel.
Based on the different focusing behavior of particles of different sizes in similar channels,
the study reports possible separation potential in different channels. It was observed that
the larger particles always tend to focus close to inner wall compared to smaller particles
at constant Rec and curvature.
There are multiple studies [15, 2, 29, 16, 36, 9, 19, 20, 32, 23, 51, 54, 55, 46, 50, 19,
7, 26, 31] available on particle focusing and separation in microfluidic channels of different
shapes since 2007. Most of them are based on design of a microfluidic channel for a particular
application developed by tuning some of the flow or geometrical parameters on trial and
error basis. A brief review [12] on inertial microfluidics is available which talks about recent
progresses in microfluidic devices using inertial flows, their applications like mixing, particle
focusing, bio-cell separation, etc. The physics behind particle focusing and migration is
briefly discussed in this study. Based on the experimental understanding and simplified
assumptions, some basic design rules are provided to calculate the length of the channel,
flow rate required to achieve the focusing in the microchannels using inertial flows. These
rules can be used as first step of design and can further be refined based on thorough
understanding of this phenomenon.
Though a lot of work has been previously done in the field of inertial microfluidics
10

especially inertial flows in curved microchannels; many questions are still remain to be
unanswered. For example, it has been reported that the four stable equilibrium positions
are possible for particles in straight microchannel with square cross-section [15] and they
get reduced to two on changing the cross-section to rectangular one. Based on this observation, most of the previous studies followed the trend on using rectangular cross-section
and very few literature is available on curved channels with square cross-section. Some
of our initial experiments revealed that only one or possibly two (vertically overlapping)
stable equilibrium positions are present in spiral channel with square cross-section. Also,
most of the previous studies have developed the channel designs for specific applications by
tuning the flow and geometrical parameters by trial and error basis and not much literature
is available on scaling effect and its effect of focusing behavior of particles in the channel.
Lastly, there are few papers available [33] which have studied the effect of aspect ratio on
particle focusing behavior but have failed to report an interesting phenomenon observed by
us for the first time.

1.5

Thesis Structure
The problem of determining and manipulating the motion of spherical particles in

flows at low Reynolds numbers in curved channels is one which is frequently encountered
in microfluidic engineering. This thesis focuses on the experimental evidence of some of
interesting focusing behavior of neutrally buoyant spherical particles in spiral microchannels.
The study also deals with the effect of some of the critical geometrical and flow parameters
on the focusing behavior of the particles. The improved understanding of such behavior
presented will benefit the future design of devices for some of the biomedical applications.
Chapter 2 focuses on the detailed methodology followed for the experimental study.
It presents the detailed procedure followed to make molds and to fabricate the devices. It
discusses the procedure followed to analyze the images and recorded data to extract useful
information.
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Chapter 3 presents the experimental results for the focusing behavior of spherical
particles in the spiral microchannels. It also discusses the effect of Reynolds number and
confinement ratio on the particle focusing behavior in the spiral channels. Based on these
results, scale invariant particle focusing behavior was observed and has been discussed in
the detail. A generalized design rule is proposed on the basis of the overall understanding
of particle focusing behavior in spiral channel.
Chapter 4 validates the applicability of the design rule proposed in the previous
chapter. It discusses the the separation results obtained for multiple particle mixtures in
the spiral channels developed on the basis of the design rule. It also validates the scale
invariant focusing behavior applicable to particle mixtures.
Chapter 5 concentrates on the effect of the aspect ratio of the spiral channel on the
focusing behavior of particles. Interesting observation was made about the change in size
based focusing in rectangular microchannels compared to square microchannels. This part
specifically deals with this change in focusing behavior due to change in aspect ratio.
Lastly, Chapter 6 summarizes the contributions presented in this thesis and highlights the critical next steps to advance the understanding and application of inertial focusing to not only the biomedical device community but other industrial applications as
well.
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Chapter 2

Experimental Methods & Data
Analysis
2.1

Overview
This chapter discusses the procedures followed for experimental study and briefly

discusses the data analysis techniques utilized in the present study. First two sections
present the designs and fabrication techniques for the devices used for experimentation in
detail. The third section describes the operational procedures followed during the experimental study. The last section provides the details of image recording and analysis technique
utilized for the data presented in Chapters 3 through 5.

2.2

Design of Microfluidic Channels
This study mainly focuses on particle focusing and separation in spiral microchan-

nels. In the first part of the study, the effect of channel Reynolds number (Rec ), dean
number (De) and particle confinement ratio (a/Dh ) on the particle focusing behavior in
spiral channels with square cross-section was studied. For this part of the study, channels
with the following cross sectional dimensions were fabricated; 70 µm × 70 µm, 125 µm ×
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125 µm, 230 µm × 230 µm, 300 µm × 300 µm, 400 µm × 400 µm, 450 µm × 450 µm
and 500 µm × 500 µm. The microfluidic channels were designed as Archimedean spirals.
The channel with hydraulic diameter 300 µm and less consisted of 5 loops, Figure 2.1a, and
channel with hydraulic diameter greater than 300 µm consisted of 4 loops, Figure 2.1b. The
initial radius of the curvature of the centerline of the channels is approxmately 2500 µm
and the outermost radius of the centerline was approximately 5500 µm. Table 2.1 gives the
list of channel dimensions and particle sizes used in each channel for experimental study.
10350 μm

10671 μm

2619 μm

2619 μm

(a) h = 300 µm

(b) h = 500 µm

Figure 2.1: (a) Spiral channel with 300µm × 300µm cross section and (b) Spiral channel
with 500µm × 500µm cross section

During the initial study of particle focusing behavior in spiral channels with square
cross-section, it was observed that the larger particles get focused at the center of the
channel, while smaller particles getting focused close to the inner wall of the channel. The
previous studies [34, 2] have reported the reverse focusing behavior (larger particles close
to inner wall and small particles close to centerline of the channel) in spiral channels with
rectangular cross-section. The second part of the study focuses on the effect of aspect ratio
on the focusing behavior in spiral channels. Three different aspect ratios (1:1, 3:4 and 1:2)
were considered for this study. Channels with three different widths (100µm, 230µm and
300µm) were considered for this study. The curvature of the channel (δ) was kept constant
14

Dh

70
125
230
300
400
450
500

8
0.114
-

Particle diameter(a), in µm
13
25
45
65
0.186
0.104
0.2
0.108
0.195
0.083
0.15
0.216
0.0625 0.1125 0.1625
0.055
0.1
0.144
0.05
0.09
0.13

95
0.2375
0.211
0.19

Table 2.1: The particle confinement ratio for various combinations of particles and different
sized channels in the experiments.
for all the devices with same width.

2.3

Fabrication of Molds & Microfluidic Devices
Standard SU8 photolithography and soft lithography were used to fabricate the

positive master mold and the polydimethylsiloxane (PDMS) microchannels respectively.
Briefly, negative photoresist, SU8-2075 & 2150 (Microchem Corp, Massachusetts), was spun
on a silicon wafer at specific RPM to achieve the required depth of the channel. It is then
exposed to UV light through a mylar emulsion printed photomask and developed in BTS-220
SU8-Developer (J.T. Baker, New Jersey). A 10:1 ratio mixture of Sylgard 184 Elastomer
base and curing agent (Dow Corning, Michigan) was poured over the raised mold, degassed,
then allowed to cure in an oven at 65C for 8 hours and then removed from the silicon/SU8
master. Inlet and outlet holes were punched using custom sharpened needle tips. The
devices were then cleaned of particulate using low-residue tape and oxygen plasma bonded
to pre-cleaned 1mm thick glass microscope slides (Corning, USA). After sealing, the chip
was heated at 120 ◦ C for 10 minutes. Figure 2.2 shows an example of the PDMS devices
used in the current study.

15

(a) Side View

(b) Top View

Figure 2.2: Microfluidic device used for the experimental study

2.4

Operational Procedure
Neutrally buoyant polyethelene microspheres (Cospheric, California, USA) and polysterene

microspheres (Thermoscientific, Massachusetts, USA ) were used in the experiments. Particles of six different diameters; 7µm, 13µm, 25µm, 45µm, 65µm and 95µm were used in
the experiments. The continuous phase consists of water with a 0.08% Tween20 surfactant.
The volume fraction of the particles in all the experiments was between 0.2% and 0.5%, a
range where the inter-particle interactions are negligible [26].
The particle suspension was introduced into the microfluidic chip using two 3 ml
plastic syringes (BD, Breda, Netherlands). New Era NE-300 series syringe pump was used to
achieve the desired flow rate. A magnetic stirrer bar was inserted into the particle suspension
containing the syringe to prevent the suspension from settling during the injection. The
flow rate was varied to achieve the desired range of Raynolds number in each device. Figure
2.3 shows the experimental setup of the present study.

2.5

Image Acquisition and Data Analysis
The microfluidic chip was mounted onto an XYZ translation and rotational stage.

The fluorescence microscope (Nikon, Japan) had two filter blocks, with excitation filters with
wavelength in blue and green. In addition, a computer-controlled high-speed camera (Andor
16

Figure 2.3: Experimental Setup
Zyla 5.5) was mounted onto the microscope for image recording, using the accompanying
Nikon software. Videos and images of the particle ordering in the spiral microchannel were
captured using the camera at a frame rate of 18 to 20 frames per second. The exposure
time for imaging fluorescent particles varied between 30 and 100 milliseconds at low flow
rates to 400 and 800 milliseconds at high flow rates. The motion of particles in each
of the mixtures was imaged using two excitation wavelengths separately, green and blue.
When the excitation wavelength is green, only the red fluorescent particles in the twoparticle mixture are visible. When excitation wavelength is blue, only the green particles in
the two-particle mixture are visible. During separation experiments, videos were recorded
with green excitation for half of the time and blue excitation for the remaining half. The
movies and pictures collected were superimposed to clearly show the differential focusing
and separation of the particles in the mixtures. The superimposed images obtained from the
experiments were processed with ImageJ to obtain the quantitative data. Some of the videos
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Figure 2.4: Transitions in the focusing of 25µm particles in a spiral channel with 300µm ×
300µm cross section
and images captured were analyzed with the image processing toolbox of MATLAB to show
focusing behavior in spiral channels (Figure 2.4). The procedure followed to quantify the
focusing in microchannels is explained below.
We define a spatial particle density function, f (d) as follows,
N (d)
f (d) = P
N (d)

(2.1)

where d, the normalized distance from the walls from the inner walls of the channel
varies from 0 to 1 and N (d) is the number of particles passing through the channel at a
distance d from the inner wall of the channel. The function N (d) was calculated in a discrete
fashion by splitting the the range of d, the unit interval into 50 equal bins of size 0.02. The
number of particles passing through these bins during the experiment was counted. Five
segments were selected across at the end of each arm of the spiral for these measurements.
The spatial density function was thus calculated for each arm of the spiral channel.
To objectively identify particle focusing, we set a quantitative criteria to define
particle focusing in terms of the standard deviation of f (d) and the area under the spatial
density function. Let the mean and standard deviation of f (d) be µ and σ. We defined the
particles to be focused, when
µ+b
X

f (d) ≥ 0.9

µ−b
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where b = min[σ, 0.15]. Thus when the position of at least 90% of the particles are restricted
to a narrow band that is either 2σ wide or 0.3h which is ever is lower, the particles are defined
to be focused.

2.6

Conclusion
The chapter explained the fabrication, operational and data processing procedures

followed in these studies. The data analysis procedures described in detail were used to get
the useful results out of the gathered data. The subsequent chapters discuss the findings of
these studies in detail.
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Chapter 3

Inertial Focusing in Spiral
Microchannels
3.1

Overview
This chapter focuses on the comprehensive study of inertial focusing of particles in

spiral microchannels with square cross-sections. A brief theoretical background is provided
at the beginning of the chapter. The results for particle focusing behavior and the scale
invariant transitions in particle focusing behavior are discussed in the subsequent sections.

3.1.1

Theoretical Background
Spherical particles moving in a fluid through a curved channel are subject to a drag

force and a lift force in a direction transverse to the axis of the channel. These forces scale
in a manner that is dependent on non dimensional parameters of the flow. The following
notation shall be used through out the rest of chapter; U is the average velocity of the fluid
through the channel cross section, ν the viscosity of the fluid, Dh is the height and width
of the square cross section of a channel, R is the radius of curvature of the centerline of the
channel, ap is the diameter of a spherical particle and the particle confinement ratio, λ =
ap /Dh . Two Reynolds numbers are of interest, the channel Reynolds number, Re, which
20

characterizes the undisturbed flow of the fluid in the channel and the particle Reynolds
number, Rep , which characterizes the influence of the fluid flow on a particle. These are
defined in the following manner,

Re =

ρU Dh
µ

(3.1)

and


Rep = Re

ap
Dh

2

= Reλ2

(3.2)

Furthermore if the centerline of the channel is curved, with a radius of curvature R,
the relevant non dimensional geometric parameter is δ =

Dh
2R .

The interaction of the fluid

flow and the curvature of the channel is described by the Dean number,
√
De = Re δ

(3.3)

The motion of particles in a straight channel, the case where δ = 0, is well understood
and has been examined both experimentally and theoretically in numerous works, [45, 42,
17, 18, 10, 25, 44, 38, 4, 1]. Figure 3.1a shows the various forces acting on spherical particles
in a Poiseuille flow. In the transverse direction particles experience a lift force, FL , that is
due to the shear gradient, [42], which pushes the particles towards the channel walls. As the
particles move near the wall, a wall induced lift force, FW , pushes the particles towards the
centerline of the channel. The wall induced lift force is the result of two, possibly competing,
effects. First the presence of a wall breaks the symmetry of the spatial distribution of the
wake vorticity of the particles resulting in a lift force directed away from the walls. Secondly,
from potential flow theory, it can be shown that the faster flow between a sphere and a wall
results in a low pressure on the surface of the sphere adjacent to the wall. This produces a
lift force directed towards the walls. Particles accumulate in a circular annulus, at a distance
of 0.3Dh from the centerline, where the lift forces are balanced, as shown in Figure 3.1b.
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Note that the Stokes drag in the transverse direction is absent at the equilibrium position
since the relative transverse velocity of the particle with respect to the fluid is zero.

Va

Va

FW
FL
FL
FW

(a)

FW

FS
FW
FS

FL

FW

FW
(b)

Figure 3.1: Poiseuille flow - (a) The parabolic velocity profile, symmetric about the centerline (b) Particles converge to equilibrium positions on a circle of radius 0.3Dh

If the centerline of channel is curved, i.e., when δ 6= 0, a secondary flow in the cross
sectional plane exists. For low channel Reynolds number, this secondary flow takes the
form of two vortices, the so called Dean vortices [11]. A schematic representation of a flow
through a curved channel with a square cross section is shown in Figure 3.2, with Dean
vortices shown in the right most panel. The secondary flow exerts a drag force on a particle
that is transverse to the axis of the channel. Due to centrifugal effect, the axial velocity is
no longer symmetric about the axis of the channel. Instead the axial velocity of the fluid
is the highest between the centerline and the outer wall of the channel. This is illustrated
in the left and center panels in Figure 3.2, which illustrate that the peak magnitude of the
axial velocity shifts towards the outer wall of the channel. Thus the curvature of the channel
induces an asymmetry in the axial velocity and a secondary vortical flow. The asymmetric
axial flow profile changes shear gradient and thus the lift forces experienced by a spherical
particle and the cross sectional vortical flow changes the transverse drag force experienced
by a particle. The resulting interaction of the shear induced lift force, wall induced lift
force and the drag force due to the Dean flow changes the positions of particle focusing in
a curved channel.
The calculation of lift force experienced by a particle in a curved channel presents a
challenge. The net lift force is usually approximated, such as in [15, 2], using a lift coefficient
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Figure 3.2: Secondary flow in a curved channel

based on Asmolov’s calculations, [1]. However this coefficient was originally calculated for a
Poiseuille flow with an axially symmetric velocity profile. This symmetry is broken in curved
channels, with the distance of the position of the peak axial velocity from the centerline
increasing with channel Reynolds number. A complete mathematical understanding of the
lift forces acting on a particle in a Dean flow is currently lacking and this is left for future
work.

3.2

Results and Discussions
A range of experiments were systematically performed to understand effect of some

of the critical geometrical and flow parameters, namely channel cross-section Dh , channel
Reynolds number Rec , Dean number De, particle confinement ratio λ on the focusing
behavior of particles in the spiral channel. The channel width was varied from 70µm to
500µm in seven steps. The channel Reynolds number was varied from 0.03 to 70 and Dean
number was varied from 0.005 to 15. The particle sizes were in the range of 8µm to 95µm.
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Dh

70
125
230
300
400
450
500

8
0.114
-

Particle diameter, ap , in µm
13
25
45
65
0.186
0.104
0.2
0.108
0.195
0.083
0.15
0.216
0.0625 0.1125 0.1625
0.055
0.1
0.144
0.05
0.09
0.13

95
0.2375
0.211
0.19

Table 3.1: The particle confinement ratio for various combinations of particles and different
channel sizes in the experiments.
A detail list of channel dimensions and confinement ratio is provided in Table 3.1.

3.2.1

Transitions In Focusing With Channel Reynolds No
The transition in focusing behavior of particles with channels Reynolds number is

illustrated in detail with the example of 25µm particles in 300µm spiral channels. The trends
of focusing behavior of different particle sizes in spiral channels with specific dimensions are
provided later in this chapter.
The first column in Figure 3.3 shows the time lapse images of the motion of 25 µm
particles in the channel. Each row in the second to the fifth column in Figure 3.3 show the
particle spatial density function, f (d), for the particles of diameter 25 µm, in the first to
the fifth arm of the spiral respectively.
The first two rows show the case where the channel Reynolds number is small,
(Re = 0.55 & Re = 1.67). In this regime the time lapse images show that the particles
are almost uniformly distributed through the channel cross section. The spatial density
functions at low Reynolds number (the first two rows in Figure 3.3) show that particles are
roughly evenly distributed through the cross section. As the Reynolds number increases,
fewer particles pass close to the inner wall of the channel. This can be discerned from
the first three rows of Figure 3.3, where the spatial density function for small values of
d becomes smaller as the Reynolds number increases. As the Reynolds number increases
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Figure 3.3: Transitions in the focusing of 25µm particles in a spiral channel with 300µm ×
300µm cross section
further, the number of particles passing close to the outer wall decrease too. This can be
observed by comparing the third and fourth rows in Figure 3.3. In the time lapse images a
clear band is formed in the two outermost spirals. The particle density functions in the two
outer most spirals have very small values when close to both the outer and the inner walls
channels. The particle density functions also show a small peak indicative of the transition
to focusing of particles to a narrow region. As the Reynolds number increases further two
things happen; the peaks in the spatial density functions become sharper and the particles
begin to focus in the second and third arm of the spiral too. When the channel Reynolds
number is close to 11 particles are sharply focused in all the arms of the spiral, except two
of the innermost arms. This can be seen in the last row of Figure 3.3. The time lapse image
of the particle motion at Re = 16.67 shows clear focusing of particles.
On the similar basis, experimental results were analyzed in ImageJ©. The ‘width of
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Figure 3.4: Variation of normalized streak width with channel Reynolds number (Rec )
the particle streak (w)’ and the ‘position of the center of the streak (x)’ from the inner wall of
the channels was measured. The width of the streak is normalized by particle diameter (ap ),
while the position of the streak is normalized by hydraulic diameter of the channel (Dh ).
Particles are considered focused to their equilibrium position when the ‘normalized streak
width’ reduces to ∼ 1.5. Ideally, normalized streak width should reduce to 1 in focused
position of the particles. The slightly higher width observed in present cases can be because
of the higher intensity fluorescent images recorded at high exposure time for higher channel
Reynolds number (higher flow rates). Figure 3.4 shows the distribution of the ‘normalized
streak width (w/ap )’ with channel Reynolds number (Rec ). The data series in the figure
are color coded by the particle confinement ratio (blue-λ < 0.1, green-0.1 < λ < 0.15,
red-λ > 0.15) and that behavior is explained in detail in the later part of this chapter. It
can be observed that at low Re (Rec < 10), high streak width (for most of the smaller
particles, blue and green band) indicates that the particles are well distributed throughout
the channel. As the Reynolds number increases (10 < Rec < 20), the width of the streak
starts to decrease which indicates the transition of the particles towards the equilibrium
position. At high Reynolds number (Rec > 30), almost all the particles are focused to their
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Figure 3.5: Variation of normalized streak position with channel Reynolds number (Rec )
equilibrium position i.e ‘normalized streak width’∼ 1.5. The defocusing of the streak at
higher Reynolds number is reported in spiral channels with rectangular cross-section [34];
but it can be observed that at higher Reynolds numbers (∼ 70) particles remain perfectly
focused. Thus particles are focused and the streak is stable at high Reynolds number which
is very useful from high throughput perspective.
The variation of ‘normalized streak position (x/Dh )’ in outermost loop of the channels with channel Reynolds number (Rec ) is shown in Figure 3.5. Similar to previous case,
the data series are color coded according to particle confinement ratio. For smaller particles (blue & green band), because of the larger streak width at lower Reynolds number
(Rec < 10), streak position appears close to the center of the channel. As the particles transition towards the focused position (10 < Rec < 20), most of the particles from outer half of
the channel move towards the inner half, thus shifting the position towards the inner wall.
At high Reynolds number (Rec > 30), most of the particles are focused and the position
of the streak is also fixed in the inner half of the channel. Most of the larger particles are
focused to their stable equilibrium positions at low Reynolds number (Rec < 10). The equilibrium position of the streak in the channel depends on the particle size and is explained in
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detail in later part of the chapter. It is important to note at this point that the position of
focused streak of the particles in the channel remains constant at higher Reynolds number
(∼ 70); while movement of the focused streak in channels with rectangular cross-section has
been previously reported [34]. Thus devices with high throughput can be designed using
spiral channels with square cross-section because of the stability of the focused stream and
constant stream position at higher Reynolds number (Rec ).

3.2.2

Transitions In Focusing With Confinement Ratio
The shear gradient lift force and dean drag due to the secondary flow acting on a

particle are the main driving mechanisms of focusing in curved microchannel. It is well
known that the lift force and the drag force depend on the size of the particle [15]. Hence
the particle confinement ratio (λ) is one of the very important geometrical parameters in
the focusing of particles in inertial flows. The confinement ratio (λ) is defined as the ratio of
particle diameter (ap ) to the hydraulic width of the channel (Dh ). The particle confinement
ratios were broadly divided into three main categories, λ < 0.1, 0.1 < λ < 0.15 and λ > 0.15.
The particle sizes were selected according to the channel dimensions such that it lied in one
of the three categories. Table 3.1 provides all the details of specific particle sizes and the
confinement ratios for particular channel size. The effect of confinement ratio on the particle
focusing behavior is discussed in detail in this section.
Channel
Width
(2h)
150
300
400
450
500

Particle
Size
(ap )
8
25
25
25
45

Confinement
Ratio
(λ)
0.0533
0.055
0.0625
0.0833
0.09

Channel Reynolds
Number
(Rec )
28
27
21
22
20

Dean
Number
(De)
7.5
4.6
4.09
4.83
4.57

Normalized Streak
Position
(x/Dh )
0.17
0.18
0.17
0.19
0.23

Table 3.2: The confinement ratio for various combinations of particle sizes & channel widths
and their focused position in channel & channel Reynolds number at which focusing occurs
for small particle confinement ratio
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3.2.2.1

Small Particle Confinement Ratio (λ) < 0.1
The particle size was varied from 8µm to 45µm and channel width varied from 150µm

to 500µm for the particular study. Table 3.2 gives the details of all the combinations of
particle sizes and channel dimensions used for this study.

(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/Dh )

Figure 3.6: Variation of normalized streak width & position with channel Reynolds number
for small particle confinement ratio λ < 0.1
The variation of ‘normalized streak width’ (w/ap ) and ‘normalized streak position’
(x/Dh ) is shown in Figure 3.6a and Figure 3.6b respectively. The higher values of normalized
streak width at lower Reynolds number (Rec < 10) indicates that the particles are well
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distributed throughout the channel. At lower Reynolds number, lift force acting on the
particles is small compared to the dean drag. Thus dean drag dominates in this regime and
particles are distributed throughout the channel due to the secondary flow. As the particles
are well distributed throughout the channel, center of the streak lies close to the center of the
channel. As the channel Reynolds number starts to increase (10 < Rec < 20), the lift force
acting on the particles becomes active and particles start moving towards their equilibrium
position i.e towards inner half. Still the dean drag is higher compared to inertial lift in this
regime and hence particles are distributed in thicker band (w/ap > 1) in this regime. The
movement of particles towards inner half of the channel can be observed from the movement
of center of the streak towards the inner half of the channel. As Reynolds number further
increases (20 < Rec < 30), the inertial lift and dean drag becomes comparable. Particles
focus to single (or possibly two vertically overlapping) equilibrium position i.e normalized
streak width reduces to ∼1.5.
The specific values of Reynolds number at which focusing was first observed in
the outermost loop of the channel and corresponding values of Dean number based on the
curvature of the outermost loop are provided in the Table 3.2. The focusing was observed in
Rec range 20 to 28 and for Rec >28, particles were completely focused to their equilibrium
position in all of the channels. It is interesting to note that the Dean number at which
focusing was first observed is nearly same (∼ 4.5) in all of the channels except 150µm
channel. The inner and outer radii of spiral channels were kept constant in the design of
these channels. Hence the curvature of the channel varied from ∼ 0.05 for 500µm channel
to ∼ 0.007 for 150µm channel. Thus it can be said that the Reynolds number at which
focusing is achieved in the spiral channels is inversely proportional to the curvature of the
channel. Also their appears to be a range of curvature values for which Dean number
required to achieve focusing remains nearly constant and it is left as a future work to
understand this behavior in detail. The most important observation for this case is that
all the particles focus to nearly same position in the channel cross-section i.e (x/Dh ∼ 0.2)
and the equilibrium position of the focused streak remains stable at high Reynolds number
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(Rec ∼ 70).
3.2.2.2

Medium Particle Confinement Ratio (0.1 < λ < 0.15)
The particle size was varied from 8µm to 65µm and channel width varied from 70µm

to 500µm for the particular study. Table 3.3 gives the details of all the combinations of
particle sizes and channel dimensions used for this study.
Channel
Width
(Dh )
70
125
300
400
450
450
500

Particle
Size
(ap )
8
13
45
45
45
65
65

Confinement
Ratio
(λ)
0.1143
0.104
0.15
0.1125
0.1
0.144
0.13

Channel Reynolds
Number
(Rec )
30
27
16
12
14
11
10

Dean
Number
(De)
3.04
3.05
2.73
2.46
3.04
2.41
2.28

Normalized
Streak Position
(x/Dh )
0.29
0.29
0.42
0.35
0.29
0.4
0.33

Table 3.3: The confinement ratio for various combinations of particle sizes & channel widths
and their focused position in channel & channel Reynolds number at which focusing occurs
for medium particle confinement ratio
The variation of ‘normalized streak width’ (w/ap ) and ‘normalized streak position’
(x/Dh ) is shown in Figure 3.7b and Figure 3.7b respectively. Similar to the previous case,
particles are well distributed throughout the channel at low Reynolds number (Rec < 5),
which can be concluded from the large value of normalized streak width. Particles start
transitioning towards their equilibrium at lower Reynolds number compared to the previous
case of λ < 0.1. This can be attributed to the relative size of the particles in two cases. The
inertial lift and dean drag force acting on the particle depend on the size of the particle and
hence force experienced by larger particles at lower Reynolds number is larger compared to
that experienced by smaller particles.
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(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/Dh )

Figure 3.7: Variation of normalized streak width & position with channel Reynolds number
for medium particle confinement ratio 0.1 < λ < 0.15

Hence particle starts to move towards their equilibrium position at lower Reynolds
number compared to that for smaller particles. Most of the particles present in outer half
of the channel start moving towards the inner half of the channel. This can be observed
from the shift in the center of the streak towards the inner half of the channel. By Reynolds
number (10 < Rec < 15), most of the particles are settled to their equilibrium position.
The streak width is reduced to ∼ 1.5. Unlike the case of smaller λ, the position of the
focused streak does not remain constant at higher Reynolds number. All of the particles
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are focused at 0.3Dh to 0.45Dh from inner wall, in the Range of 10 < Rec < 40. As
Reynolds number further increases, the focused streak slightly shifts towards the inner wall
of the channel. The streak position for λ = 0.1 settles at 0.2Dh , which is the equilibrium
position for smaller particles, while the position of λ = 0.15 remains close to the center of
the channel (∼ 0.4Dh ). Thus 0.1 < λ < 0.15 appears to be the transition range for the
focusing behavior of particles in spiral channels with square cross-section.
Table 3.3 provides details of the channel Reynolds number and corresponding Dean
number at which focusing is first observed in the outermost loop of the channel. The channel
Reynolds number at which focusing is first observed decreases with increase in the channel
width, but the corresponding Dean number for all the channels remains nearly constant
(∼ 3). The average position of the focused streak in this case is in the range of 0.29Dh to
0.4Dh from the inner wall.
3.2.2.3

Large Particle Confinement Ratio (λ) > 0.15
The particle size was varied from 13µm to 95µm and channel width varied from

70µm to 500µm for the particular study. Table 3.4 gives the details of all the combinations
of particle size and channel dimensions used for this study.
Channel
Size
(Dh )
70
125
230
300
300
400
400
450
500

Particle
Size
(ap )
13
25
45
45
65
65
95
95
95

Confinement
Ratio
(λ)
0.1857
0.2
0.1957
0.15
0.2167
0.1625
0.2375
0.211
0.19

Channel Reynolds
Number
(Rec )
23
20
14
12
10
9
9
8
7

Dean
Number
(De)
1.94
2.2
2.1
1.9
1.71
1.76
1.76
1.74
1.6

Normalized
Streak Position
(x/Dh )
0.47
0.46
0.46
0.42
0.47
0.44
0.49
0.45
0.43

Table 3.4: The confinement ratio for various combinations of particle sizes & channel widths
and their focused position in channel & channel Reynolds number at which focusing occurs
for large particle confinement ratio
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(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/Dh )

Figure 3.8: Variation of normalized streak width & position with channel Reynolds number
for large particle confinement ratio λ > 0.15

The variation of ‘normalized streak width’ (w/ap ) and ‘normalized streak position’
(x/Dh ) is shown in Figure 3.8a and Figure 3.8b respectively. Most of the particles are
well focused at lower Reynolds number (Rec ∼ 5). The higher streak width in few cases
can be attributed to few stray particles passing through the channel. Table 3.4 provides
details of the channel Reynolds number and corresponding Dean number at which focusing
is first observed in the outermost loop of the channel. The channel Reynolds number
at which focusing is first observed decreases with increase in the channel width, but the
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corresponding Dean number for all the channels remains nearly constant (∼ 1.75). The
average position of the focused streak in this case is in the range of 0.43Dh to 0.49Dh from
the inner wall.

3.3

Scale Invariant Focusing in Spiral Channels
The extensive study in the present case covered a wide range of channel widths

(70µm to 500µm), confinement ratios (0.053 ≤ λ ≤ 0.2375) and Reynolds number (Rec 0 to
70). The scale invariant focusing behavior observed during the study is discussed in detail
in this section.

3.3.1

Scale Invariance based on Confinement Ratio
It is explained in the previous sections that the inertial lift and the dean drag are

the main driving parameters in the focusing of particles in curved microchannels and both
of them depend on the size of the particle. Figure 3.9 shows the distribution of normalized
streak position (x/Dh ) for different values of confinement ratios in the spiral channel with
square cross-section. It can be observed that for smaller confinement ratios (λ < 0.1), all
particles settle close to the inner wall of the channel at ∼ 0.2Dh . For larger confinement
ratio (λ > 0.15), all particles are focused close to the center of the channel at ∼ 0.45Dh .
The intermediate confinement ratio (0.1 < λ < 0.15) range appears to be the transition
range for the focusing of particles. Particles focusing positions are distributed from 0.3Dh
to 0.4Dh in this range.

3.3.2

Scale Invariance based on Confinement Ratio and Curvature of the
Channel
The strength of the secondary flow in curved channel depends on the curvature of

the channel. The dean drag acting on the particle depends on the size of the particle.
Hence ratio of confinement ratio (λ) to curvature of the channel (δ) will be a critical design
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Figure 3.9: Variation of normalized streak width (x/Dh ) with particle confinement ratio
(λ)
parameter. Figure 3.10 shows the variation of normalized streak position (x/Dh ) with (λ/δ)
parameter. The curvature of outermost loop of the channel was selected for δ value and
the stable position of focused streak was chosen for normalized streak position. Normalized
streak position nearly linearly shifts from 0.2Dh to 0.35Dh with λ/δ for λ/δ ≤ 3. For higher
values of λ/δ (∼ 5) normalized streak position shifting towards the center of the channel
(0.35Dh to 0.42Dh ) and getting settled close to the center of the channel (0.42Dh to 0.45Dh )
for high values of λ/δ (> 5).

3.3.3

Scale Invariance based on Dean Number
The combined effect of Reynolds number and the curvature of the channel is given

by Dean Number (De) which quantifies the strength of the secondary flow in curved channel.
Figure 3.11 shows the variation of Dean number required to focus particle in the outermost
loop of the spiral channels. Dean number is calculated based on the curvature of the
outermost loop of the spiral. It can be observed that Dean number required to focus
smaller particles (λ < 0.1) is large compared to that for particles with larger confinement
ratio (λ > 0.15). As the dean drag acting on the particle depends on the size of the particle,
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Figure 3.10: Variation of normalized streak width (x/Dh ) with λ/δ ratio
higher strength of secondary flow is required to exert sufficient drag on smaller particles to
achieve focusing in spiral channels.

Figure 3.11: Variation of Dean number (De) required for focusing with particle confinement
ratio (λ)
The combination of these three plots Figure 3.9, Figure 3.10 and Figure 3.11 can be
used to design microfluidic channels for particle separation. Based on the first chart (Figure
3.9), the channel dimension can be selected such that the confinement ratios for the two
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particle mixture will lie below 0.1 and above 0.15. Then from Figure 3.10 the curvature
value for the channel can be determined based on the confinement ratio values. Lastly,
Figure 3.11 will provide the flow rate required to achieve focusing of both of the particles
in that specific channel. The higher of the two values of flow rate should be used to achieve
focusing and separation of the mixture.

3.4

Conclusion
The focusing behavior of particles in spiral microchannels with square cross-section

was studied. A range of experiments were performed to understand the effect of some of the
critical geometrical and flow parameters on the focusing behavior. Some of the interesting
observations and the specific conclusions drawn from this study are:
• Only one or possibly two (vertically overlapping) equilibrium positions were consistently observed for wide range of confinement ratios in spiral microchannels with
square cross-section.
• The equilibrium positions were stable and no lateral shift in the focused position
with Reynolds number was observed, which has been previously reported for particle
focusing in curved channels with rectangular cross-section [34].
• Larger particles get focused close to the center (∼ 0.45Dh ) of the channel, while
smaller particles are focused near the inner wall of the channel (∼ 0.2Dh ).
• Scale invariant focusing behavior of particles in spiral channel with square microchannel is reported and is further used to develop a generalized design rule.
• Particle confinement ratio (λ), ratio of particle confinement ratio & curvature of the
channel (λ/δ) and Dean number (De) play a critical role in focusing behavior of
particles in spiral channels with square cross-section and a scale invariant transition
was observed in terms of these three parameters.
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• The results provided in this chapter can be used to design microfluidic channels to
separate mixture of two particles in one pass.
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Chapter 4

Hydrodynamic Sorting of Particles
By Size in Spiral Microchannels
4.1

Overview
The present chapter is an extension of the work on inertial focusing in spiral mi-

crochannels with square cross-section. It focuses on the application of the scale invariant
transitions observed in inertial focusing of particles towards the hydrodynamic sorting of
particles using spiral microchannels. Some of the relevant scale invariant transitions in
particle focusing are briefly discussed and a rule for hydrodynamic sorting of two particle
mixture in spiral micro-channels with square cross-section is put forward. The validation of
this rule demonstrating the sorting of two particle mixtures in spiral channels is provided
in the subsequent section.

4.2

Rule For Separation
As it is mentioned in the previous chapter, the forces acting on the particle in a

curved channel, namely, inertial lift and dean drag depend on the size of the particle. The
relative size of the particle compared to channel dimension is provided by the parameter
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‘confinement ratio (λ)’ and hence it plays a critical role in the focusing behavior of particles
in the curved channels. The variation of focused ‘normalized streak position’ in the crosssection of the channel with particle confinement ratio is provided in Figure 4.1. The size
dependent lateral focusing is observed and it has a clear transition in terms of particle
confinement ratio.

Figure 4.1: Variation of normalized streak width (x/Dh ) with particle confinement ratio
(λ)

It can be observed that the smaller particles (λ < 0.1) are always focused close to the
inner wall of the channel (∼ 0.2Dh ) and larger particles (λ > 0.15) are always focused close
to the center of the channel (∼ 0.45Dh ). Therefore a good practical design rule suggested
by present data to separate particles by size from a mixture in a single pass is - the hydraulic
diameter of a spiral channel with a square cross section should be chosen such that in a twoparticle mixture, larger particles have a confinement ratio, λ > 0.15, and smaller particles
have a confinement ratio, λ < 0.1.

4.3

Sorting of Two Particle Mixtures
The application of this rule was demonstrated by separating six different two particle

mixtures. The details of particle sizes in mixture and the dimension of the channels used for
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Channel
Width
(Dh )
70
150
230
300
300
500

Particle
Size (1)
(ap ))
7(green)
13(red)
13(red)
25(green)
25(green)
45(green)

Confinement
Ratio
(λ1 )
0.1
0.087
0.056
0.083
0.083
0.09

Particle
Size (2)
(ap )
13(red)
25(green)
45(green)
45(red)
65(red)
95(red)

Confinement
Ratio
(λ2 )
0.186
0.166
0.196
0.15
0.216
0.19

Channel Reynolds
Number
(Rec )
37
33
47
50
45
43

Table 4.1: Details of particle sizes and channel dimensions used for sorting experiments.
separation are provided in Table 4.1. The particle sizes in these mixtures and the channel
dimensions were chosen such that the larger of the particles had a particle confinement ratio
greater than or equal to 0.15 and that of the smaller of the particles was lesser than or equal
to 0.1. In every mixture the volume fractions of the smaller and larger particles are 0.25%
each. In each of the sorting experiments with two-particle mixtures, the fluorescent particles
in the flow are visualized using a green excitation for half the duration of the experiment
and using blue excitation during the other half. Therefore red fluorescent particles are
visible during one half of the experiment and green fluorescent particles are visible during
the other half. The details of the experimental observations are provided in the following
section.

4.3.1

7 & 13µm mixture in 70µm Spiral Channel
The mixture of 7 and 13µm was separated using spiral channel with channel width

of 70µm. The particle confinement ratios are 0.1 and 0.186 respectively. Figure 4.2a shows
the distribution of ‘normalized streak position (x/Dh ) and ‘normalized streak width (w/ap )
with channel Reynolds number. The filled markers indicate the ‘normalized streak position’,
while markers with no fill indicate the ‘normalized streak width’ for the respective particles.
It can be observed that both of the particles are clearly focused above channel Reynolds
number (Rec ) 25 (i.e normalized streak width ∼ 1) and smaller particles (7µm) are focused
close to the inner wall (0.27Dh ) and larger particles (13µm) are focused close to the center
of the channel (∼ 0.45Dh ). The differential focusing of the particles in the mixture is
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clarified by a superimposed image of two streaks (Figure 4.2b). The two-particle mixture
is pumped at a constant flow rate through the inlet at the center of the spiral. Clearly the
particles of each size are focused in two distinct bands in the outer arm of the spiral and the
separation distance between the two bands is about 6µm. The Reynolds number at which
the separation occurs is Re = 37.

(a) Normalized Streak Width & Position

(b) Separation of two bands

Figure 4.2: Separation of 7 & 13µm particles in 70µm spiral channel with square crosssection
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4.3.2

13 & 25µm mixture in 150µm Spiral Channel
The mixture of 13 and 25µm was separated using spiral channel with channel width

of 150µm. The particle confinement ratios are 0.087 and 0.166 respectively. Figure 4.3a
shows the distribution of ‘normalized streak position (x/Dh ) and ‘normalized streak width
(w/ap ) with channel Reynolds number. The filled markers indicate the ‘normalized streak
position’, while markers with no fill indicate the ‘normalized streak width’ for the respective
particles. It can be observed that both of the particles are clearly focused above channel
Reynolds number (Rec ) 20 (i.e normalized streak width ∼ 1) and smaller particles (13µm)
are focused close to the inner wall (0.18Dh ) and larger particles (25µm) are focused close
to the center of the channel (∼ 0.38Dh ).
The differential focusing of the particles in the mixture is clarified by a superimposed
image of two streaks (Figure 4.3b). The two-particle mixture is pumped at a constant flow
rate through the inlet at the center of the spiral. Clearly the particles of each size are
focused in two distinct bands in the outer arm of the spiral and the separation distance
between the two bands is about 15µm. The Reynolds number at which the separation
occurs is Re = 33.

4.3.3

13 & 45µm mixture in 230µm Spiral Channel
The mixture of 13 and 45µm was separated using spiral channel with channel width

of 230µm. The particle confinement ratios are 0.056 and 0.166 respectively. Figure 4.4a
shows the distribution of ‘normalized streak position (x/Dh ) and ‘normalized streak width
(w/ap ) with channel Reynolds number. The filled markers indicate the ‘normalized streak
position’, while markers with no fill indicate the ‘normalized streak width’ for the respective
particles. It can be observed that both of the particles are clearly focused above channel
Reynolds number (Rec ) 35 (i.e normalized streak width ∼ 1) and smaller particles (13µm)
are focused close to the inner wall (0.16Dh ) and larger particles (45µm) are focused close
to the center of the channel (∼ 0.47Dh ). The differential focusing of the particles in the
mixture is clarified by a superimposed image of two streaks (Figure 4.4b). The two-particle
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(a) Normalized Streak Width & Position

(b) Separation of two bands

Figure 4.3: Separation of 13 & 25µm particles in 150µm spiral channel with square crosssection
mixture is pumped at a constant flow rate through the inlet at the center of the spiral.
Clearly the particles of each size are focused in two distinct bands in the outer arm of the
spiral and the separation distance between the two bands is about 14µm. The Reynolds
number at which the separation occurs is Re = 45.

4.3.4

25 & 45µm mixture in 300µm Spiral Channel
The mixture of 25 and 45µm was separated using spiral channel with channel width

of 300µm. The particle confinement ratios are 0.083 and 0.15 respectively. Figure 4.5a

45

(a) Normalized Streak Width & Position

(b) Separation of two bands

Figure 4.4: Separation of 13 & 45µm particles in 230µm spiral channel with square crosssection
shows the distribution of ‘normalized streak position (x/Dh ) and ‘normalized streak width
(w/ap ) with channel Reynolds number. The filled markers indicate the ‘normalized streak
position’, while markers with no fill indicate the ‘normalized streak width’ for the respective
particles. It can be observed that both of the particles are clearly focused above channel
Reynolds number (Rec ) 30 (i.e normalized streak width ∼ 1) and smaller particles (25µm)
are focused close to the inner wall (0.19Dh ) and larger particles (45µm) are focused close to
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the center of the channel (∼ 0.4Dh ).The differential focusing of the particles in the mixture
is clarified by a superimposed image of two streaks (Figure 4.5b). The two-particle mixture
is pumped at a constant flow rate through the inlet at the center of the spiral. Clearly the
particles of each size are focused in two distinct bands in the outer arm of the spiral and the
separation distance between the two bands is about 7µm. The Reynolds number at which
the separation occurs is Re = 50.

(a) Normalized Streak Width & Position

(b) Separation of two bands

Figure 4.5: Separation of 25 & 45µm particles in 300µm spiral channel with square crosssection
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4.3.5

25 & 65µm mixture in 300µm Spiral Channel
The mixture of 25 and 65µm was separated using spiral channel with channel width

of 300µm. The particle confinement ratios are 0.083 and 0.216 respectively. Figure 4.6a
shows the distribution of ‘normalized streak position (x/Dh ) and ‘normalized streak width
(w/ap ) with channel Reynolds number. The filled markers indicate the ‘normalized streak
position’, while markers with no fill indicate the ‘normalized streak width’ for the respective
particles. It can be observed that both of the particles are clearly focused above channel
Reynolds number (Rec ) 30 (i.e normalized streak width ∼ 1) and smaller particles (25µm)
are focused close to the inner wall (0.19Dh ) and larger particles (45µm) are focused close to
the center of the channel (∼ 0.45Dh ).The differential focusing of the particles in the mixture
is clarified by a superimposed image of two streaks (Figure 4.6b). The two-particle mixture
is pumped at a constant flow rate through the inlet at the center of the spiral. Clearly the
particles of each size are focused in two distinct bands in the outer arm of the spiral and
the separation distance between the two bands is about 24µm. The Reynolds number at
which the separation occurs is Re = 45.

4.3.6

45 & 95µm mixture in 500µm Spiral Channel
The mixture of 45 and 95µm was separated using spiral channel with channel width

of 500µm. The particle confinement ratios are 0.09 and 0.19 respectively. Figure 4.7a
shows the distribution of ‘normalized streak position (x/Dh ) and ‘normalized streak width
(w/ap ) with channel Reynolds number. The filled markers indicate the ‘normalized streak
position’, while markers with no fill indicate the ‘normalized streak width’ for the respective
particles. It can be observed that both of the particles are clearly focused above channel
Reynolds number (Rec ) 20 (i.e normalized streak width ∼ 1) and smaller particles (45µm)
are focused close to the inner wall (0.22Dh ) and larger particles (955µm) are focused close
to the center of the channel (∼ 0.41Dh ).The differential focusing of the particles in the
mixture is clarified by a superimposed image of two streaks (Figure 4.7b). The two-particle
mixture is pumped at a constant flow rate through the inlet at the center of the spiral.
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(a) Normalized Streak Width & Position

(b) Separation of two bands

Figure 4.6: Separation of 25 & 65µm particles in 300µm spiral channel with square crosssection
Clearly the particles of each size are focused in two distinct bands in the outer arm of the
spiral and the separation distance between the two bands is about 26µm. The Reynolds
number at which the separation occurs is Re = 43.
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(a) Normalized Streak Width & Position

(b) Separation of two bands

Figure 4.7: Separation of 45 & 95µm particles in 500µm spiral channel with square crosssection

4.4

Conclusion
The focusing behavior of particles in spiral microchannels with square cross-section

was studied. Based on these observations, a generalized design criteria is developed to
achieve separation of particular particle mixture. The results validating the claims for
particle separation in the spiral channels developed exploiting the design rule are provided.
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Some of the interesting observations and the specific conclusions drawn from this study are:
• An extension of previously reported generalized design criteria based on particle confinement ratio (λ) is provided in the present study. For a given channel size, particles
with λ < 0.1 get focused close to the inner wall, while particles with λ > 0.15 are
focused close to the center of the channel.
• The generalized design rule to achieve separation using spiral micro-channels with
square cross-section is The hydraulic diameter of a spiral channel with a square cross
section should be chosen such that in a two-particle mixture, larger particles have a
confinement ratio, λ > 0.15, and smaller particles have a confinement ratio, λ < 0.1.
• The channels developed exploiting the design rule validate the possible separation of
particle mixture of specific confinement ratios in one pass.
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Chapter 5

Effect of Aspect Ratio on Focusing
in Spiral Microchannels
5.1

Overview
In the present chapter, the effect of one of the critical geometrical parameters, aspect

ratio of the channel, on focusing of particles in spiral microchannels is discussed in detail.
The effect of channel Aspect Ratio (h/W ) on focusing of particles of various sizes and
effect of particle confinement ratio (λ) on particle focusing behavior in various channels is
discussed in details. Some of the relevant conclusions are drawn from this work at the end.

5.2

Background
Microfluidics community had always tried to avoid the inertial flow regime until in

2007 Dicarlo et al. [15] showed focusing in inertial flow regime using straight microchannels.
They observed that particles focused at four equilibrium positions at four face centers
in straight channels with square cross-section. When the cross-section was changed to a
rectangular one, the number of equilibrium positions were reduced to two at the center
of larger of the two dimensions (height or width of the channel). As all the particles
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were getting focused at the same two equilibrium positions i.e. center of the two faces, it
was necessary to achieve different focusing positions according to their size to achieve the
separation at the outlet of the channel. This was achieved by adding the curvature to the
microchannel [12]. Serpentine and spiral microchannels have largely been studied to achieve
size based focusing and separation of particles or bio-cells [14, 2, 29, 34, 33]. Most of the
previous work on spiral microchannels [2, 29, 34, 33] have used channels with rectangular
cross-section to achieve size based separation. In some of the previous studies [34, 33, 41],
it has been reported that particles with larger confinement ratios (λ) were focused close to
the inner wall of the channel while particles with smaller confinement ratios were settled
near the center of the channel (Figure 5.1[34]). While our experiments on spiral channels
with square cross-section showed that the larger particles were focused close to the center
of the channel and smaller particles were focused close to the inner wall of the channel.
Thus it was concluded that the aspect ratio (h/W , where h is the height of channel and
W is the width of the channel) of the channel played a critical role in determining the
equilibrium position of the particle and hence it was decided to study the effect of aspect
ratio on particle focusing in detail.

Re = 10-50
δ = 0.016

0.25d 0.5d

Re = 227
δ = 0.016

0.25d 0.5d

Re = 314
δ = 0.0083

0.25d 0.5d

Figure 5.1: The particle focusing positions observed in spiral channel with rectangular
cross-section by Toner et al. [34]
The study by Toner et al.[34] had used channels with aspect ratio 1 : 2, which
showed the focusing behavior opposite to our experimental observations in channels with
square cross-section (aspect ratio 1 : 1). Hence three aspect ratios 1 : 2, 3 : 4 and 1 : 1
were selected to study the transition in focusing position of particles along the cross-section.
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Three channel widths (100µm, 230µm and 300µm) were considered for the study. Particle
sizes were selected such that confinement ratios lied in the range 0.04 < λ < 0.265. The
details of the combinations of particle sizes and channel widths are given in Table 5.1. The
results of this study are discussed in detail in the subsequent sections.

5.3

Effect of Aspect Ratio (h/W )
Aspect ratio of the channel is defined as the ratio height of the channel (h) to the

width of the channel (W). The variation in aspect ratio of the channel was achieved by
changing the height of the channel and keeping the width fixed. The effect of the aspect
ratio of the channel on particle focusing behavior is discussed in detail in this section.

5.3.1

Aspect Ratio 1 : 2
Figure 5.2a and 5.2b show the variation of normalized streak width (w/ap ) and nor-

malized streak position (x/W ) with channel Reynolds number (Rec ) in spiral microchannels
with aspect ratio 1 : 2. The data series are color-coded according to the particle confinement ratios (blue-λ < 0.1, green-0.1 < λ < 0.15 and red-λ > 0.15). It can be observed that
the particles with smaller confinement ratio (λ ∼ 0.06) are completely distributed throughout the cross-section at all channel Reynolds numbers. It is hypothesized that the dean
Particle
Size
(µ)
3
7
8
13
25
45
65

1:2
0.06
0.14
0.26
-

Channel Width, Aspect Ratio & Confinement Ratio
100µm
230µm
300µm
3:4
1:1
1:2
3:4
1:1
1:2
3:4
1:1
0.041
0.093
0.061
0.053
0.047
0.053
0.173 0.104 0.113 0.076
0.087 0.058
0.2
0.217
0.1087 0.167 0.111 0.0833
0.265 0.1957
0.2
0.15
0.2167

Table 5.1: Details of Aspect Ratio study: combinations of channel widths and particle sizes
used in the study.
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drag acting on the particles dominates compared to the inertial lift and hence particles are
entrained in the secondary flow and distributed throughout the cross-section.

(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/W )

Figure 5.2: Variation of normalized streak width & position with channel Reynolds number
for spiral microchannels with aspect ratio 1 : 2

At slightly higher confinement ratios (0.087 < λ < 0.113), particles start to focus
in a single band at channel Reynolds number Rec ∼ 40. They are focused in the Reynolds
number range 40 < Rec < 100 i.e normalized streak width ∼ 1. Above Rec = 100, the
defocusing of the band can be observed (w/ap ∼ 2). Similar to the smaller particles, the
dean drag which is a function of channel Reynolds number (Rec ) start to dominate at higher
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Rec in case of medium size particles and hence they are carried away by secondary flow at
higher Reynolds number. Particles with higher confinement ratio (λ > 0.15) are focused at
channel Reynolds number ∼ 30. The particles are always focused at all the higher channel
Reynolds number. The inertial lift and dean drag acting on the larger particles in this range
of Reynolds number must be equivalent in scale and hence dean drag does not affect the
focusing of the particle band. The variation of normalized streak position is discussed in
detail in the next section of this chapter.

(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/W )

Figure 5.3: Variation of normalized streak width & position with channel Reynolds number
for spiral microchannels with aspect ratio 3 : 4
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5.3.2

Aspect Ratio 3 : 4
Figure 5.3a and 5.3b show the variation of normalized streak width (w/ap ) and nor-

malized streak position (x/W ) with channel Reynolds number (Rec ) in spiral microchannels with aspect ratio 3 : 4. Similar to the previous case, particles with smaller confinement ratio (λ <∼ 0.06) are not focused at all channel Reynolds number. They are
completely distributed throughout the channel which can be observed from higher values of normalized streak width (w/ap ). The particles with slightly higher confinement
ratio (0.076 < λ < 0.093) are focused in the narrow range of channel Reynolds number
(50 < Rec < 100) and they start to defocus at higher Reynolds number. The particles with
confinement ratio λ > 0.1 are focused by channel Reynolds number Rec ∼ 30 and they are
always focused at higher channel Reynolds numbers. Thus dean drag and inertial lift acting
on particles with confinement ratio λ > 0.1 is equivalent in scale in this range of Reynolds
number.

5.3.3

Aspect Ratio 1 : 1
Figure 5.4a and 5.4b show the variation of normalized streak width (w/ap ) and nor-

malized streak position (x/W ) with channel Reynolds number (Rec ) in spiral microchannels with square cross-section (aspect ratio 1 : 1). It can be observed that all the particles
(0.053 < λ < 0.2167) are focused to single particle band by channel Reynolds number ∼ 40.
Larger particles (λ > 0.15) are focused focused at channel Reynolds number ∼ 20, while
particles with smaller confinement ratio (0.053 < λ < 0.1) are focused at higher channel
Reynolds number Rec ∼ 40. The inertial lift acting on the particles is a function of channel Reynolds number and at lower Reynolds number dean drag dominates over inertial lift.
Hence particles are not focused at lower Reynolds number. When channel Reynolds number
becomes sufficiently large, the inertial lift becomes equivalent of dean drag and particles are
focused into a single particle band. At higher Reynolds number, no defocusing of band was
observed for all particle sizes in this range of Reynolds number. Thus it can be concluded
that the inertial lift and dean drag are always equivalent in magnitude at all the Reynolds
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numbers and dean drag does not dominate similar to that in rectangular channels.

(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/W )

Figure 5.4: Variation of normalized streak width & position with channel Reynolds number
for spiral microchannels with aspect ratio 1 : 1
Overall, as the channel aspect ratio changes from 1 : 2 to 1 : 1 particles with
smaller confinement ratio get focused in spiral channels. Also defocusing of particle bands
is observed as the channel aspect ratio changes from 1 : 1 to 1 : 2. The variation in the
secondary flow structure due to change in the aspect ratio of the channel is shown in Figure
5.5. As the channel height decreases, the region with inward flow direction (close to top
and bottom wall) becomes larger and the secondary flow velocity increases too. Hence the
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strength of the dean flow increases as the channel aspect ratio changes from 1 : 1 to 1 : 2 i.e
as the channel height decreases. With the increased dean drag, it starts dominating over the
inertial lift; hence the channel Reynolds number required to achieve focusing in rectangular
channels is higher compared to that in square cross-section. Also the dean drag again starts
to dominate at high Reynolds number range, because of which the particle band is again
defocused. Thus range of Reynolds number for which the focused band of particles is stable
decreases as the height of the channel decreases i.e aspect ratio changes from 1 : 1 to 1 : 2.

Figure 5.5: Variation of dean flow with channel aspect ratio

5.4

Effect of Confinement Ratio
The inertial lift acting on the particles and the dean drag due to the secondary

flow are the critical factors in the focusing of particles in curved channels. The inertial
lift and dean drag, both, depend on the size of the particle and hence particle confinement
ratio is a critical parameter in the study of particle focusing behavior in curved channels.
Particles with various confinement ratios were used in the present experimental study to
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understand the transition in the size base focusing position in spiral channels with different
aspect ratios. The results for this study are discussed in the following sections.

(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/W )

Figure 5.6: Variation of normalized streak width & position with channel Reynolds number
for small particle confinement ratio λ < 0.1

5.4.1

Small Confinement Ratios λ < 0.1
Figure 5.6a and 5.6b show the variation of normalized streak width (w/ap ) and nor-

malized streak position (x/W ) with channel Reynolds number (Rec ) in spiral microchannels
for particles with smaller confinement ratios (λ < 0.1). The data series are color-coded ac60

cording to the aspect ratios of the channel (blue-1 : 2, green-3 : 4 and red-1 : 1). It can be
observed that the particles were focused close to the center in the channel (∼ 0.4W ) with
aspect ratio 1 : 2 while particles with similar confinement ratio were focused close to the
inner wall of the channel (0.2W ). In case of the channel with aspect ratio 3 : 4, particles
with smaller confinement ratio (λ ∼ 0.06) are focused near the center of the channel, while
particles with λ ∼ 0.1 appear to focus close to the inner wall of the channel similar to that
in channel with square cross-section. Thus transition in particle focusing position can be
observed in channel with aspect ratio 3 : 4. Also, the shift in the position of the focused
streak can be observed in case of channels with 1 : 2 and 3 : 4 aspect ratio. As pointed out
in the last section, the strength of the dean flow increases with channel Reynolds number in
channels with rectangular cross-sections. Thus higher value of dean drag at higher Reynolds
number shifts the position of focused band in the cross-section of the channel.

5.4.2

Medium Confinement Ratios 0.1 < λ < 0.15
The variation of normalized streak width (w/ap ) and normalized streak position

(x/W ) with channel Reynolds number (Rec ) in spiral microchannels for particles with
medium confinement ratios (0.1 < λ < 0.15) can be observed in Figure 5.7a and 5.7b. This
range of particle confinement ratios appears to be the transition range for channels with
aspect ratio 1 : 1 and 1 : 2. In case of channel with 1 : 2 aspect ratio, smaller particles are
still focused close to center of the channel while larger of the particles (λ ∼ 0.15) are focused
close to the inner wall of the channel. The reverse focusing and transition behavior can be
observed in the case of channels with square cross-section, where larger of the particles get
focused close to center of the channel and smaller particles are focused close to inner wall
of the channel. Particles with confinement ratio λ = 0.11 are focused close to the center
of the channel similar to that in square cross-section. Thus it appears that the transition
region for channels with aspect ratio 3 : 4 lies in the range 0.06 < λ < 0.1.

61

(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/W )

Figure 5.7: Variation of normalized streak width & position with channel Reynolds number
for particle medium confinement ratio 0.1 < λ < 0.15

5.4.3

Larger Confinement Ratios λ > 0.15
The variation of normalized streak width (w/ap ) and normalized streak position

(x/W ) with channel Reynolds number (Rec ) in spiral microchannels for particles with larger
confinement ratios (λ > 0.15) can be observed in Figure 5.8a and 5.8b. A clear shift in the
focusing behavior can be observed in this case. All of the particles in this range are focused
close to the center in the channels with square cross-section, while particles with similar
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confinement ratio are focused close to the inner wall in the channel with aspect ratio 1 : 2.
The focusing position for particles in channels with aspect ratio 3 : 4 is close to 0.3W and
shifting towards the center of the channel at higher Reynolds number.

(a) Normalized Streak Width (w/ap )

(b) Normalized Streak Position (x/W )

Figure 5.8: Variation of normalized streak width & position with channel Reynolds number
for large particle confinement ratio λ > 0.15

5.5

Conclusion
The focusing behavior of particles in spiral microchannels with square and rect-

angular cross-section was studied. A range of experiments were performed to understand
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the effect of aspect ratio of the channel on the particle focusing behavior. Some of the
interesting observations and the specific conclusions drawn from this study are:
• Strength of the dean flow is inversely proportional to the channel height. The strength
of the dean drag increases as channel aspect ratio changes from 1 : 1 to 1 : 2.
• The focused band of particles is stable for narrow range of channel Reynolds number
in channels with rectangular cross-section and defocusing of band is observed at higher
Reynolds number.
• Particles with larger confinement ratio (λ > 0.15) are focused close to the center of
the channel with square cross-section, while particles of similar confinement ratio are
focused close to the inner wall of the channel with rectangular cross-section.
• Particles with smaller confinement ratio (λ < 0.1) are focused close to the inner wall
in channel with square cross-section, while similar size particles are focused close to
the center in channels with rectangular cross-section.
• The dean drag acting on the particles plays critical role in determining the lateral
position of the focused band in the cross-section. Hence the reversal in the focusing
position is observed as the aspect ratio is changed from square to rectangular one.
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Chapter 6

Conclusion & Future Work
The application of inertial flow regime towards the size based focusing and sorting
of particles has been studied extensively in this thesis. The spiral micro-channels with
square cross-sections were primarily used to achieve the size based focusing, leading towards
the separation of two particle mixtures. The effect of aspect ratio of the cross-section
was studied to compare the dynamics of particle focusing behavior in spiral channels with
square cross-section and rectangular cross-section. The scale invariant focusing behavior
of particles was observed during this study. Some of the interesting observations and the
specific conclusions drawn from the study are given below.
Chapter 3 indicates that only one or possibly two (vertically overlapping) equilibrium position/s are possible in spiral channels with square microchannels. The lateral position in the cross-section of the channel depends on the relative size of the particle compared
to the channel width i.e., particle confinement ratio (λ). The larger particles (λ > 0.2) are
focused close to the center (∼ 0.45Dh ) of the channel, while smaller particles (λ < 0.1) are
focused near the inner wall of the channel (∼ 0.2Dh ). Particle confinement ratio (λ), ratio
of particle confinement ratio & curvature of the channel (λ/δ) and Dean number (De) play
critical role in focusing behavior of particles in spiral channels with square cross-section.
A scale invariant transition was observed in terms of these three parameters. The results
provided in this chapter can be used to design microfluidic channels to separate mixture of
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two particles in one pass.
In the chapter 4, the rule put forward from the observations of chapter 3 is validated
by showing separation of six different two particle mixtures using spiral microchannels with
square cross-section. Thus the generalized design rule to achieve separation using spiral
channels with square cross-section is The hydraulic diameter of a spiral channel with a
square cross section should be chosen such that in a two-particle mixture, larger particles
have a confinement ratio, λ > 0.15, and smaller particles have a confinement ratio, λ < 0.1.
Lastly, chapter 5, the study of effect of aspect ratio of the channel shows that the
focused band of particles is stable for narrow range of channel Reynolds number in channels
with rectangular cross-section compared to that in channels with square cross-section and
defocusing of band is observed at higher Reynolds number in channels with rectangular
cross-section. The strength of the dean flow is inversely proportional to the channel height.
The strength of the dean drag increases as channel aspect ratio changes from 1 : 1 to 1 : 2
and hence the focusing behavior changes as the cross-section of the channel changes, i.e.
particles with larger confinement ratio (λ > 0.15) are focused close to the center of the
channel with square cross-section, while particles of similar confinement ratio are focused
close to the inner wall of the channel with rectangular cross-section.
Thus the present study has extensively studied the effect of some of the critical
geometrical i.e. width of the channel with square cross-section (Dh ), particle confinement
ratio (λ), & Aspect ratio of the channel (h/W ) and flow parameters i.e. channel Reynolds
number (Rec ), Dean number (De) on the dynamics of particle focusing behavior in spiral
micro-channels in inertial flow regime. The results have shown some scale invariant transitions for particle focusing behavior for the specific range of particle confinement ratio
(∼ 0.05 < λ <∼ 0.25). A generalized design rule for microfluidic devices to achieve separation of particles has been put forward based on these scale invariant transitions. And it is
validated by showing separation of six different mixtures over wide range of particle sizes.
The study also indicates that spiral channels with square cross-section are more robust in
operation at higher Reynolds number compared to channels with rectangular cross-section
66

and can be used for higher throughput applications at higher Reynolds number.
As is typical of any scientific study, this thesis leaves more questions to be answered
considering the conclusions and hypothesis. It has been hypothesized that some of the other
parameters like curvature of the channel, concentration of the particle solution, shape of the
particles and viscosity of the fluid play a critical role in overall particle focusing behavior.
The understanding of the effect of these parameters on the dynamics of focusing behavior
will improve the understanding of particle focusing behavior in spiral micro-channels. The
final step would be to develop a theory based on the improved understanding of the particle
focusing behavior in inertial flow regime explaining the experimental observations.
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